Herpes simplex virus immediate-early (IE) promoters contain the TAATGARAT motif which acts as a target site for the cellular POU family transcription factors Oct-I and Oct-2. Here we show that other members of the POU family that are expressed in sensory neurons can also affect IE promoter activity. In particular, two members of the Brn-3 family of POU proteins and Brn-3c can activate the IE-1 and IE-3 promoters when co-transfected into fibrbblasts and neuronal cells whereas
INTRODUCTION
Herpes simplex virus (HSV) establishes life-long latent infections of sensory neurons from which the virus can re-activate to allow repeated cycles of productive infection elsewhere in the body (for reviews see refs. [1, 2] ). It has been shown that latently infected cells do not express the viral immediate-early (IE) RNAs and proteins [3, 4] . Similarly latent infections can be established by viral mutants that do not express individual IE genes or the virion transactivator Vmw65 [5, 6] as well as by wild-type virus under conditions in which no IE gene expression or viral DNA replication has taken place [7, 8] .
These findings have led to the idea that the establishment and maintenance of latent infection is likely to involve a failure of IE gene expression hence preventing the lytic cycle from occurring. In normal lytic infection, such IE gene expression is dependent on the formation of a complex between the HSV protein Vmw65 and the cellular octamer-binding transcription factor Oct-I which binds to the octamer-related TAATGARAT motif in the IE promoters [9, 10] . We have previously shown that both neuronal cell lines and primary sensory neurons express an additional octamer-binding protein Oct-2 [11] which is capable of binding to the TAATGARAT motifand inhibiting both the basal activity of the IE promoter [12] and its transactivation by Vmw65 [13] . Hence this factor may play a critical role in inhibiting IE gene expression after the initial infection of neuronal cells, thereby resulting in the onset of latent infection.
Although considerable attention has therefore been devoted to elucidating the initial stages of latent infection, little attention has been paid to the transcriptional mechanisms mediating reactivation. However, it has been shown that the IE genes are expressed during re-activation in vivo from neuronal cells either latently infected in vivo and then explanted [14] or similarly infected directly in vitro and then exposed to re-activation stimuli [15] . Hence [16] . Similarly the Oct-I protein is a weak transactivator in the absence of Vmw65 and would have a minimal stimulatory effect on the IE promoter when Vmw65 is absent [17] .
The lack of effect of Oct-I in the absence of Vmw65 and the inhibitory effect of Oct-2 suggest that other neuronally expressed members of the POU family of transcription factors (to which Oct-I and Oct-2 belong [18] ) might be able to stimulate viral IE gene expression and thereby play a role in viral re-activation from sensory neurons. One obvious candidate in this regard is the Brn-3 POU transcription factor originally identified by He et al. [19] and shown to be expressed at high levels in sensory neurons as well as having close identity with the product of the unc-86 gene which controls sensory neuron development in the nematode [20] .
More recent studies, however, have shown that three closely related forms of Brn-3 exist, known as Brn-3a, Brn-3b and Bin3c [21] [22] [23] , and each of these is encoded by a distinct gene [23] . These factors are expressed in the ND7 sensory neuron cell line used in our previous studies on the interaction of HSV with neuronal cells [21] as well as in sensory neurons in vivo [21, 22] . In addition, they have been shown to bind to several octamer/ TAATGARAT-related sequences [23] (T. Theil and T. M6r6y, unpublished work) and to modulate the activity of artificial test promoters containing such sequences [24, 25] . We have therefore tested the effects of these factors on HSV IE-1 and IE-3 promoters in both fibroblasts and neuronal cells.
MATERIALS AND METHODS Plasmid DNAs
The IE-1 and IE-3 reporter constructs contain the appropriate promoter (from -585 to + 150 for IE-1 [26] and from -330 to Abbreviations used: IE, immediate-early; HSV, herpes simplex virus; CAT, chloramphenicol acetyltransferase. I To whom correspondence should be addressed.
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+ 33 for IE-3 [27] ) driving expression of the chloramphenicol acetyltransferase (CAT) reporter gene. The Oct-I and Oct-2.5 expression vectors contain the appropriate full-length cDNAs [28] cloned under the control of the cytomegalovirus IE promoter in the vector pJ7 [29] . The Brn-3a, -3b and -3c expression vectors contain full-length cDNA or genomic clones for each of these proteins [23] cloned under the control of the Moloney murine leukaemia virus promoter in the vector pLTR poly which has been modified by deletion of a cryptic splice site in the simian virus 40 3' untranslated region [24, 25] .
DNA transfection Transfection of DNA was carried out by the method of Gorman [30] . Routinely 1 x 106 BHK-21 cells [31] or ND7 cells [32] were transfected with 5 ,ug of the reporter plasmid and 5 ,ug of the expression vector. In all cases cells were harvested 72 h later. The amount of DNA taken up by the cells in each case was measured by slot-blotting the extract and hybridization with a probe derived from the ampicillin-resistance gene in the plasmid vector [33] . This value was then used to normalize the values obtained in the CAT assay as a control for differences in uptake of plasmid DNA in each sample.
CAT assay Assays of CAT activity were carried out by the method of Gorman [30] using samples that had been equalized for protein content as determined by the method of Bradford [34] .
RESULTS AND DISCUSSION
In initial experiments, we transfected BHK cells lacking endogenous Brn-3 [31] with 5,ug of expression vectors containing full-length clones of Brn-3a, Brn-3b or Brn-3c [231 and 5 jug of the IE3-CAT construct which contains the HSV IE-3 promoter (from -330 to + 33) driving expression of the CAT gene [27] . All the Brn-3 expression vectors had previously been shown to direct a similar level of protein production in the transfected cells [23, 24] . In these experiments (Figure la) , the IE-3 promoter was clearly transactivated by the expression vectors expressing either Values are expressed relative to the level of promoter activity when IE-3-CAT was co-transfected with the expression vector alone (100%) and are means of two determtnations, the range of which is shown by the error bars. Brn-3a or Brn-3c compared with the level of promoter activity observed with the empty expression vector alone. In contrast, the Brn-3b expression vector reduced the activity of the IE-3 promoter below that observed with the empty expression vector. This result parallels that obtained previously [24, 25] in which both Brn-3a and Brn-3c stimulated the activity of artificial promoters containing different added octamer-related motifs whereas Brn-3b repressed these promoters. Most importantly, however, this result indicated that the different forms of Brn-3 can modulate the activity of a natural viral promoter indicating that Brn-3a and Brn-3c may be involved in the stimulation of the IE promoters in neuronal cells.
To investigate this further we determined whether the Brn-3 factors could affect IE-3 promoter activity in neuronal cells that contain endogenous Brn-3 and Oct-2. We therefore transfected the ND7 neuronal cell line which expresses all the different forms of Brn-3 121] as well as Oct-2 [11,121 with the IE-3-CAT construct and the Brn-3 expression vectors as before. In these experiments (Figure lb) transactivation of the IE-3 promoter by both Brn-3a and Brn-3c was observed as in the BHK cells, although the effect was marginally less than that observed in BHK cells possibly because of the inhibitory effect ofendogenous Oct-2.
It is clear therefore that both Brn-3a and Brn-3c can stimulate the IE-3 promoter when introduced into different cell types. However, whereas the product of the IE-3 gene, ICP4, plays a critical role in lytic infection with HSV [35] , the product of the IE-l gene, ICPO, appears to be critical for re-activation from latency [36] . We therefore transfected BHK and ND7 cells with the Brn-3 expression plasmids and a construct in which the IE-1 promoter (from -585 to + 150) drives expression of the CAT gene [26] . In these experiments (Table 1 ) both the Brn-3a and -3c vectors were able to transactivate the IE-1 promoter, although the effect of Brn-3a was greater than Brn-3c on this promoter, in contrast with the effect on the IE-3 promoter.
These findings indicate therefore that two distinct forms of the Brn-3 transcription factor can activate the HSV IE-1 and IE-3 promoters. This effect is ofparticular interest as both Brn-3a and Brn-3c are expressed in sensory neurons [22] , the natural site of HSV latency in vivo, and could therefore potentially play a role in re-activation. Moreover, the fact that these forms can induce the IE promoters in ND7 cells indicates that they can function in the presence of the inhibitory Oct-2 factor.
In order to investigate the relationships between the stimulation of the IE promoters by Brn-3a and -3c and their repression by Oct-2, we utilized BHK cells which do not express endogenous Brn-3 or Oct-2. These cells were transfected with 5 ,ug of the IE- [12] . Hence this experiment allows an assessment of the ability of the various forms of Brn-3 to affect IE promoter activity in the presence or absence of the inhibitory activity of Oct-2.5. In this experiment, as expected, Oct-2.5 had a strong inhibitory effect on the IE-3 promoter, which was stimulated by Brn-3a and Brn-3c (Table 2) . Interestingly neither Brn-3a nor Brn-3c was able to overcome entirely the inhibitory effect of Oct-2.5 on the IE-3 promoter. Thus the level of promoter activity in the presence of either of these forms was much lower in the presence of Oct-2.5 than in its absence. However, even in the presence of Oct-2.5 some increase in IE-3 promoter activity was observed with Brn3a or Brn-3c compared with that observed in their absence.
In order to determine whether these effects extended also to the IE-1 promoter, we co-transfected BHK cells with this promoter and a constant amount of the Oct-2.5 expression vector together with one or other of the Brn-3 expression vectors. In these experiments ( Table 2 ) the Brn-3 expression vectors were unable to reverse the inhibitory effect of Oct-2.5 on the IE-1 promoter. This effect is in contrast with the ability of Brn-3a and Brn-3c to stimulate the IE promoters in ND7 cells which contain endogenous Oct-2 and suggests that the relative levels of Oct-2 and Brn-3 may have a critical role in determining IE promoter activity.
It is likely therefore that in gpecific neuronal cells, the activity of the IE promoters will depend on the balance between the levels of the stimulatory factors Brn-3a and Brn-3c and the inhibitory effect of Oct-2 and possibly of Brn-3b, the distribution of which in sensory neurons has not been reported. This balance may be different in different sensory neurons, resulting in the two fates that have been reported for sensory neurons after HSV infection in vivo; i.e. some cells undergo a productive lytic infection whereas a latent infection is established in the majority [7, 37] . In this regard, it is of particular interest that Brn-3c is expressed in only a small subset of sensory neurons [22] and it will clearly be of particular interest to investigate whether these Brn-3c-expressing cells are those that become lytically rather than latently infected with HSV.
In addition to any potential effects of Oct-2 or Brn-3, the activity of the IE promoters is also significantly affected by the Oct-i protein, which forms a complex with the HSV protein Vmw65 which can transactivate the IE promoters [9, 10] . We have previously shown [13] (Table 3) . Clear transactivation was still observed, however, in the presence of Brn-3a, -3b or -3c vector, although this was reduced in extent. This suggests therefore that, even in the presence of Brn-3, binding of the Oct-l-Vmw65 complex to the TAATGARAT sequence still predominates allowing transactivation to occur, although to a decreased extent which is presumably dependent on low-level binding of the Brn-3b inhibitor or of Brn-3a or Brn3c which are weaker transactivators than the Oct-l-Vmw65 complex.
Hence in neuronal cells that contain both Oct-I and Oct-2, the decision whether to enter the lytic or latent phase may involve primarily a balance between the stimulatory effect of the Oct-I-Vmw65 complex and the inhibitory effect of Oct-2 [12, 13] . In the neuronal cell types that do not contain Oct-1, however [19] , a more critical role is likely to be played by the balance between the different forms of Brn-3 and Oct-2.
Moreover, the role of the activating forms of Brn-3 may be of critical importance during re-activation from latent infection where no Vmw65 is present preventing Oct-I from strongly transactivating the IE promoters. Under these conditions any fall in the level of the inhibitory Oct-2 factor will allow Brn-3a or
Brn-3c to activate the IE promoters, resulting in re-activation. In this regard it is of interest that withdrawal of nerve growth factor, which results in the re-activation of latent infections and expression of the IE-1 and IE-3 genes [14] , results in a fall in Oct-2 levels in cultured sensory neurons [38] . Similarly, treatment with cyclic AMP, which also induces re-activation and expression of the IE-1 and IE-3 genes [39] , results in a rise in Brn-3a levels [25] .
Hence alterations in the balance between the POU family factors that stimulate the IE promoters and those that inhibit them may be responsible for the switch from latency to reactivation. In particular, stimuli that cause a fall in Oct-2 levels would allow the Br-3a factor, which is present in the great majority of sensory neurons [22] , to bind and stimulate promoter activity leading to re-activatiQn. A similar effect could be produced by a rise in the Brn-3a level which would allow it to overcome the inhibitory effect ofOct-2, as occurs when exogenous Brn-3a is transfected into ND7 cells.
